The transcription factor E2F1 plays key roles in skin homeostasis, and is essential for normal keratinocyte proliferation and epidermal regeneration after injury. We have previously established that, in differentiating keratinocytes, E2F1 activity is controlled by nuclear export and subsequent degradation. These events are triggered by differentiation-induced stimulation of protein kinase C and p38 mitogen-activated protein kinase (MAPK). However, the mechanisms that induce E2F1 export from the nucleus and the role of p38 MAPK in this process are poorly understood. We now describe a novel regulatory pathway for E2F1, which involves phosphorylation by p38. We demonstrate that E2F1 forms complexes with active p38 through regions that exclude the N-terminus of this transcription factor, and that p38 activity is a major contributor to the phosphorylation status of E2F1 in keratinocytes. Using in vitro kinase assays, we identified Ser403 and Thr433 as the residues phosphorylated by p38. The biological significance of these observations is underscored by the inability of E2F1 mutants lacking one or both of these residues to be exported from the nucleus and degraded when keratinocytes receive differentiation stimuli, which results in impaired keratinocyte maturation.
Introduction
The epidermis provides a protective barrier against pathogens, physical and chemical insults, preventing fluid and temperature losses. Owing to its significant exposure to damaging agents, the epidermis has unique self-renewal and regeneration capabilities, imparted by the ability to proliferate or differentiate its major cell type, the keratinocyte. The epidermis is a stratified epithelium formed by a lowermost basal layer and several suprabasal strata (Fuchs, 2007) . The basal layer is composed of various types of immature keratinocytes with proliferative capacity, including keratinocyte stem cells and transit amplifying cells. In contrast, the suprabasal layers contain differentiated, quiescent keratinocytes. The latter are continuously shed from the surface of the epidermis and are replaced by cells originating in the basal layer. Thus, a fine balance between keratinocyte proliferation and differentiation is essential to maintain epidermal integrity.
In the epidermis and other tissues, the E2F family of transcription factors plays key roles in the pathways that regulate cell death and transformation, DNA repair and apoptosis, maintenance of proliferation and induction of differentiation (McClellan and Slack, 2007) . The complex nature of the epidermis and the differentiation programs present in keratinocytes necessitate the activation of multiple mechanisms to modulate E2F activity and specificity, including mRNA and protein expression, as well as changes in subcellular localization (Dagnino et al., 1997; D'Souza et al., 2001; Apostolova et al., 2002) . In particular, differentiation stimuli in keratinocytes activate signaling pathways that modulate E2F1 post-translationally (Ivanova et al., 2006; . Thus, primary keratinocytes cultured in the presence of low extracellular Ca 2 þ concentrations (p0.05 mM) remain in a proliferative, immature, basal-like state, and express moderate levels of E2F1, which concentrates in the cell nucleus (Ivanova et al., 2006; . In contrast, keratinocyte differentiation induced by culture in the presence of higher extracellular Ca 2 þ (0.1-2.0 mM) results in E2F1 export from the nucleus and proteasomal degradation in the cytoplasm through events that involve sequential activation of novel protein kinase C (PKC) isoforms and p38b mitogen-activated protein kinase (MAPK) (Ivanova et al., 2006; . These observations prompted us to further explore the mechanism whereby p38b alters E2F1 turnover and nucleocytoplasmic trafficking. We now show that E2F1 residues Ser403 and Thr433 are direct p38b substrates, and that these two amino acids are critical for the modulation of E2F1 stability, subcellular localization and proper execution of differentiation programs in keratinocytes.
Results
Involvement of p38 MAPK in E2F1 phosphorylation in keratinocytes E2F1 is a phosphoprotein in a variety of cell types, including primary murine epidermal keratinocytes (D'Souza et al., 2001) . In these cells, differentiation is associated with additional post-translational events that regulate both endogenous and exogenously expressed E2F1, including p38b MAPK-dependent induction of nuclear export and proteolysis (Ivanova et al., 2006; . To further investigate the regulation of E2F1 during keratinocyte maturation, we examined whether changes in E2F1 phosphorylation occur in differentiating keratinocytes. We first analysed the mobility of E2F1 species isolated from keratinocyte lysates using denaturing gels, and identified at least four different E2F1 species with different mobilities in undifferentiated keratinocyte extracts, which collapsed into a single band upon treatment with l-phosphatase (Figure 1a ), indicating that E2F1 is phosphorylated in these cells. Analysis of extracts isolated from keratinocytes induced to differentiate by incubation in high Ca 2 þ medium revealed a pattern of E2F1 species different from that observed in extracts from undifferentiated cells. However, treatment of these lysates with l-phosphatase also led to the formation of a single detectable form (Figure 1a) . Together, these observations indicate that E2F1 is phosphorylated in keratinocytes, but its phosphorylation pattern in undifferentiated keratinocytes differs from that in differentiated cells.
Several residues susceptible to phosphorylation have been identified in E2F1. For example, in HeLa and in HEK293 cells, Ser403 and Thr433 are substrates for glycogen synthase kinase-3b (GSK-3b) and for cyclindependent kinase-7 (cdk7), the kinase associated with TFIIH (Vandel and Kouzarides, 1999; Garcia-Alvarez et al., 2007) . To determine the contribution of Ser403 and Thr433 to overall E2F1 phosphorylation in epidermal keratinocytes, we assessed the mobility pattern in lysates from undifferentiated cells of an E2F1 mutant in which those two residues were mutated to alanines (E2F1 S403A/T433A) and observed major differences between this mutant and wild-type E2F1s. Specifically, a significant portion of E2F1 S403A/T433A migrated with a mobility that was indistinguishable from that of unphosphorylated E2F1 (Figure 1a) . Similar results were obtained when we analysed E2F1 S403A/T433A expressed in differentiated keratinocytes (Figure 1a ), indicating that Ser403 and Thr433 are critical contributors to E2F1 phosphorylation in epidermal keratinocytes.
The importance of p38b MAPK activity in E2F1 regulation during keratinocyte differentiation prompted us to examine whether this kinase is also involved in E2F1 phosphorylation. To this end, we analysed the mobility patterns of wild-type E2F1 in cells cultured in the presence of the p38 MAPK inhibitor SB203580, and observed the loss of several of the most abundant phosphorylated E2F1 species, indicating that p38 activity is necessary for normal E2F1 phosphorylation (Figure 1b) . To investigate the relationship between Figure 1 Phosphorylation of E2F1 in epidermal keratinocytes. Primary keratinocytes were transfected with a vector encoding wild-type (WT) or mutant S403A/T433A E2F1. (a) Transfected keratinocytes were cultured in low Ca 2 þ (À) or high Ca 2 þ medium ( þ ) for 48 h. Cell lysates were prepared and incubated in the presence or absence of l-phosphatase, resolved by SDS-PAGE and analysed by immunoblot. (b) Transfected keratinocytes were cultured in low Ca 2 þ medium for 48 h in the presence of the p38 MAP kinase inhibitor SB203580 ( þ ) or the inactive analog SB202474 (À). Cell lysates were prepared and incubated in the presence or absence of l-phosphatase, and analysed by immunoblot. (c) Transfected keratinocytes were cultured in high Ca 2 þ medium for 48 h in the presence of the p38 MAP kinase inhibitor SB203580 ( þ ) or the inactive analog SB202474 (À). Cell lysates were prepared and incubated in the presence or absence of l-phosphatase, resolved by SDS-PAGE and analysed by immunoblot. All membranes were also probed for g-tubulin to normalize for loading. Results shown are representative of four experiments. SDS-PAGE, SDS-polyacrylamide gel electrophoresis.
p38 regulation of E2F1 phosphorylation IA Ivanova et al Ser403 and Thr433 phosphorylations and p38 kinase activity, we conducted similar experiments using lysates from cells that exogenously expressed E2F1 S403A/ T433A. In contrast to wild-type E2F1, the mobility of this E2F1 mutant was not substantially altered by p38 inhibition, irrespective of the differentiation status of the cells (Figures 1b and c) . This is consistent with the proposal that p38-dependent phosphorylation of Ser403 and Thr433 is an important contributor to overall E2F1 phosphorylation in keratinocytes.
Association of p38b MAPK with E2F1
Having determined that p38 activity regulates E2F1 phosphorylation, we next investigated whether this kinase is present in E2F1-containing complexes from epidermal cell lysates. We first investigated if endogenous active, phosphorylated p38 associates with endogenous E2F1. To this end, we isolated phosphop38 immunoprecipitates from differentiated keratinocyte extracts, and indeed found that they contained E2F1 (Figure 2a ). To confirm these results, we also analysed phospho-p38 immunoprecipitates from keratinocytes induced to differentiate with the PKC activator 12-O-tetradecanoylphorbol-13-acetate (TPA). These experiments were based on our previous findings that E2F1 regulation during Ca 2 þ -induced keratinocyte differentiation occurs through a signaling pathway that involves sequential activation of PKC and of p38b, and can be mimicked by TPA treatment (Ivanova et al., 2006) . We were able to detect the presence of endogenous E2F1 in phospho-p38 immunocomplexes isolated from TPA-treated cells (Figure 2b ). We also observed, although inconsistently, the presence of low levels of E2F1 in phospho-p38 immunoprecipitates from undifferentiated keratinocyte lysates (Figure 2b ). These experiments demonstrated the joint presence of active phospho-p38 and E2F1 in protein complexes. However, they do not identify the p38 form involved, because the antibodies used to isolate phospho-p38 immunocomplexes do not discriminate between a and b isoforms.
We have previously shown that E2F1 stability is specifically regulated by p38b, and not by p38a, in differentiating keratinocytes (Ivanova et al., 2006) . To confirm that p38b indeed interacts with E2F1, we exogenously expressed FLAG-tagged p38b together with V5-tagged E2F1 and observed the presence of FLAG-p38b in V5 immunoprecipitates isolated from either undifferentiated or differentiated cells (Figure 2c ). Reciprocally, we detected V5-tagged E2F1 in FLAG immunoprecipitates, especially those isolated from cells induced to differentiate by culture in high Ca 2 þ medium ( Figure 2d ). Together, our data demonstrate that E2F1 can associate with endogenous active phospho-p38 and identify p38b as an isoform that forms complexes with E2F1 in keratinocytes.
The C terminus of E2F1 is involved in complex formation with p38b
The contribution of the C-terminal Ser403 and Thr433 to E2F1 phosphorylation status, together with the demonstration that E2F1 is found in complexes that contain p38b, prompted us to investigate which regions of E2F1 are necessary to interact with this kinase. To this end, we examined the ability of several E2F1 deletion mutants (Figure 3a ) to associate with exogenously expressed p38b, in experiments similar to those described above. We examined the ability of E2F1 D75-100, an internal deletion mutant, which lacks residues necessary for binding to cyclins and observed that this mutant is efficiently associated with p38b in undifferentiated and in differentiated keratinocytes (Figure 3b ). Similarly, expression of an E2F1 mutant protein comprising residues 100-437, in which the nuclear export domain identified earlier in E2F1 is disrupted , did not appreciably alter its ability to bind p38b ( Figure 3b) . Finally, the expression of E2F1 comprising residues 126-437, which lacks the above two domains, one of the two nuclear localization domains identified in E2F1 , as well as residues critical for binding to DNA, yielded a mutant protein that could also associate with p38b ( Figure 3a ). Thus, in keratinocytes, the N terminus of E2F1 is dispensable for binding to this MAPK. In these experiments, we also consistently noted higher levels of exogenously expressed E2F1 mutants in p38b immunocomplexes isolated from differentiated keratinocyte lysates, suggesting that induction of differentiation is associated with activation of cellular processes that may facilitate interactions between these two proteins.
Phosphorylation of E2F1 at Ser403 and Thr433 by p38b
In silico analysis of the E2F1 amino acid sequence revealed several putative phosphorylation sites for p38. On the basis of the observed modulation of E2F1 phosphorylation by p38, and the demonstrated interactions between these two proteins, we next investigated whether E2F1 is a bona fide p38b substrate. To address this issue, we conducted in vitro kinase assays using bacterially produced glutathione-S-transferase (GST)-E2F1 fusion proteins and recombinant active p38b. We also included GST as negative control, as well as a positive control, which consisted of a GST fusion protein containing residues 19-96 of the ATF2 transcription factor. The latter binds to and is phosphorylated by p38. In the presence of [g-32 P]ATP, recombinant, active p38b was able to phosphorylate GST-E2F1 and GST-ATF2, but not GST alone ( Figure 4 , 'autoradiogram'). It can be noted that the phosphorylated GST-E2F1 species we detected migrated with a molecular mass approximately corresponding to the full-length protein (that is, a protein that included all or most of the E2F1 437 amino acid residues), with negligible contribution from truncated GST-E2F1 peptides present in the reaction (Figure 1 , 'Coomassie Blue'). These observations, together with the importance of Ser403 and Thr433 for E2F1 phosphorylation in keratinocytes (Figure 1 ), prompted us to investigate whether those two residues were the targets of p38b phosphorylation. To this end, we subjected to in vitro kinase assays two GST-E2F1 fusion proteins in which Figure 2 E2F1 associates with p38 mitogen-activated protein kinase (MAPK) in keratinocytes. (a) Primary mouse keratinocytes were transfected with a vector encoding V5-tagged E2F1 and cultured for 24 h in low Ca 2 þ medium. The cells were then cultured either in low Ca 2 þ (À) or in high Ca 2 þ medium ( þ ) for additional 18 h. Cell lysates were prepared, and active, phosphorylated p38 was immunoprecipitated. A control sample was immunoprecipitated with an unrelated antibody (IgG). The immune complexes were analysed by immunoblot with antibodies against V5, to visualize E2F1, or phospho-p38 (P-p38), as indicated. Portions of the cell lysates prior to immunoprecipitation were resolved by SDS-PAGE and analysed by immunoblot with antibodies against V5 (to visualize E2F1), phospho-p38 or g-tubulin (used as a loading control). (b) Primary mouse keratinocytes were cultured in low Ca 2 þ medium without (À) or with 100 nM TPA ( þ ) for 3 h. Cell lysates were prepared, and active, phosphorylated p38 was immunoprecipitated. A control sample was immunoprecipitated with an unrelated antibody (IgG). The immune complexes were analysed by immunoblot with antibodies against E2F1 or phospho-p38 (P-p38), as indicated. Portions of the cell lysates prior to immunoprecipitation were resolved by SDS-PAGE and analysed by immunoblot with antibodies against E2F1, phospho-p38 or g-tubulin (used as a loading control). (c) Keratinocytes were co-transfected with vectors encoding V5-tagged E2F1 and FLAG-tagged p38b MAPK and cultured in low Ca 2 þ medium for 24 h. The cells were then cultured for an additional 18-h period in either low Ca 2 þ (À) or high Ca 2 þ ( þ ) medium, and processed to obtain lysates. Exogenous E2F1 was immunoprecipitated from these lysates using an anti-V5 antibody, and p38b was detected in the immunoprecipitates using an anti-HA antibody. Portions of the cell lysates prior to immunoprecipitation were resolved by SDS-PAGE and analysed by immunoblot with antibodies against V5 (to visualize E2F1), HA (to visualize p38b) or g-tubulin (as loading control). The arrow indicates the immunoglobulin heavy chain. (d) Keratinocytes were co-transfected with vectors encoding V5-tagged E2F1 and FLAG-tagged p38b MAPK and cultured in low Ca 2 þ medium for 24 h. The cells were then cultured for an additional 18-h period in either low Ca 2 þ (À) or high Ca 2 þ ( þ ) medium and processed to obtain lysates. Exogenous p38b was immunoprecipitated from the lysates with an anti-FLAG antibody, and E2F1 was detected in the immune complexes using and anti-V5 antibody. Portions of the cell lysates prior to immunoprecipitation were resolved by SDS-PAGE and analysed by immunoblot with antibodies against V5 (to visualize E2F1), FLAG (to visualize p38b) or g-tubulin (as loading control). The arrow indicates the immunoglobulin heavy chain. The results shown are representative of three to four independent experiments. SDS-PAGE, SDS-polyacrylamide gel electrophoresis.
Ser403 and Thr433 are required for the regulation of E2F1 stability and subcellular localization in differentiating keratinocytes Induction of differentiation in epidermal keratinocytes is associated with p38-dependent nuclear export of E2F1, followed by proteolysis (Ivanova et al., 2006; . To determine the roles of Ser403 and Thr433 in E2F1 protein degradation during differentiation, we measured the levels of exogenously expressed wild-type and mutant E2F1 proteins in keratinocytes induced to differentiate by culture in high Ca 2 þ medium in the presence of cycloheximide to inhibit de novo protein synthesis. As we have reported earlier, wild-type E2F1 levels decrease in differentiated keratinocytes, and this decrease is more clearly appreciated in the presence of cycloheximide (Figure 5a ). Substitution of Ser403 by Ala yielded a protein that was not appreciably degraded by the induction of differentiation, irrespective of the presence or the absence of cycloheximide (Figure 5a) . Similarly, substitution with Ala of Thr433 or of both Ser403 and Thr433 produced E2F1 mutants insensitive to differentiation-induced degradation (Figure 5a ). This indicates that Ser403 and Thr433 are critical residues involved in the regulation of E2F1 protein turnover during keratinocyte differentiation. . After 24 h of transfection, the cells were switched to low Ca 2 þ (À) or high Ca 2 þ medium, and cultured for an additional 24-h period. Lysates were prepared, and a portion was analysed by immunoblot using anti-V5 and anti-FLAG antibodies to detect, respectively, E2F1 and p383b, or anti-g-tubulin, as a loading control. The remaining lysate (5 mg per sample) was used to immunoprecipitate exogenous p38b with anti-FLAG antibodies. The immune complexes were resolved by SDS-PAGE and analysed by immunoblotting with anti-V5 antibodies (for E2F1). Asterisks indicate the position of the various E2F1 proteins, and the arrow shows the immunoglobulin heavy chain. Results are representative of three experiments. SDS-PAGE, SDS-polyacrylamide gel electrophoresis.
The susceptibility to proteolysis of E2F1 in differentiated keratinocytes is critically dependent on its export from the nucleus into the cytoplasm, and constitutively nuclear E2F1 mutants show impaired degradation in these cells . Consequently, the increased stability of the Ser403 and Thr433 E2F1 mutants led us to examine their subcellular distribution. In undifferentiated keratinocytes, wild-type E2F1 was found exclusively in the nucleus in >90% of the cells (Figure 5a , low Ca 2 þ ), in agreement with previous reports . The proportion of undifferentiated cells in which the mutant proteins E2F1 Ser403A, Thr433A and Ser403A/ Thr433A showed exclusively nuclear distribution was indistinguishable from that in cells expressing wildtype E2F1 (Figure 5a , low Ca 2 þ ), indicating that these residues are not essential for nuclear import. As reported earlier , wildtype E2F1 is exported out of the nucleus in differentiated keratinocytes, and a significant fraction of these cells contains exclusively cytoplasmic E2F1 pools (Figure 5b , high Ca 2 þ ). In stark contrast, mutation of Ser403 and/or Thr433 to Ala yielded proteins that remained concentrated in the nucleus in X90% of cells cultured in high Ca 2 þ medium ( Figure 5b ). Together, these data indicate that Ser403 and Thr433 are indispensable for E2F1 nucleocytoplasmic transit and subsequent degradation in terminally differentiated keratinocytes.
Functional role of E2F1 Ser403 and Thr433 in keratinocyte differentiation
In the epidermis, undifferentiated, proliferative keratinocytes reside in the lowermost basal layer. Keratinocyte differentiation involves withdrawal from the cell cycle, cell detachment from the basement membrane and movement to suprabasal layers, as well as upregulation of differentiation markers, such as involucrin, expressed in upper epidermal layers (Fuchs and Raghavan, 2002) . Similarly, Ca 2 þ -induced differentiation in primary cultured keratinocytes causes entry into quiescence, expression of differentiation markers, cell polarization, formation of strong cell-cell junctions and stratification (Vasioukhin and Fuchs, 2001; Vaezi et al., 2002) . Under these conditions, cultured cells in the bottom layer remain attached to the substratum, whereas keratinocytes in the upper layers attach to cells underneath them through cell-cell junctions, flattening considerably and displaying very large surfaces, resembling differentiated suprabasal cells in the epidermis. We wished to further characterize the stratification events triggered by the use of high Ca 2 þ medium in these cultures, specifically regarding exit from the cell cycle and expression of differentiation markers. To this end, we first examined bromodeoxyuridine (BrdU) incorporation into DNA in keratinocytes cultured in the presence of 1.0 mM Ca 2 þ for 48 h. We found a decrease in the fraction of BrdU-positive from B16 to B5%, respectively, in cells cultured in low or high Ca 2 þ medium, in agreement with previous reports and data not shown). Analysis of these cultures by confocal microscopy revealed that all cells capable of synthesizing DNA were located in a three-to four-mm thick, singlecell layer in direct contact with the substratum similar to basal keratinocytes in the epidermis (Figures 6a and b) . We also observed two to three strata of 'suprabasal' keratinocytes overlaying the lowermost cell layer. These flattened cells showed only B1 mm thickness, were the only cells that expressed involucrin and never showed detectable BrdU incorporation (Figures 6a and b) . Hence, cultured keratinocytes in the lowermost layer resemble undifferentiated basal keratinocytes in terms of their DNA synthetic capacity and lack of expression of differentiation markers, whereas cells in the uppermost layers resemble differentiated epidermal cells, in that they do not synthesize DNA and they express involucrin.
To explore the importance of Ser403 and Thr433 for keratinocyte differentiation, we exogenously expressed wild-type E2F1, the mutants E2F1 S403A, T433A or S403A/T433A, or E2F1 126-437. Transiently transfected keratinocytes were subsequently cultured in high Ca 2 þ We found exogenous wild-type E2F1 immunofluorescence in the nucleus of keratinocytes located in the lower layer as well as in the cytoplasm of 'suprabasal' cells. It can be noted that keratinocytes in which wildtype E2F1 was cytoplasmic also expressed involucrin (Figure 6c and data not shown) . Hence, the ability of the cells to export wild-type E2F1 from the nucleus allows Figure 5 Ser403 and Thr433 modulate E2F1 stability and Ca 2 þ -mediated nuclear export in keratinocytes. (a) Keratinocytes cultured in low Ca 2 þ were transfected with vectors encoding the indicated V5-tagged E2F1 proteins. After 24 h, the cells were treated with cycloheximide (CHX; 100 mg/ml) or vehicle for 30 min, and the culture medium was replaced with low Ca 2 þ (À) or high Ca 2 þ ( þ ) medium, with or without CHX, as indicated. The cells were cultured for an additional 2.5-h period prior to harvesting. Cell lysates were prepared and E2F1 proteins were detected by immunoblot using an anti-V5 antibody; g-tubulin was used as a loading control. (b) Keratinocytes cultured in low Ca 2 þ medium were transfected with vectors encoding the indicated V5-tagged E2F1 proteins and subsequently cultured in low Ca 2 þ or high Ca 2 þ medium. The cells were processed for immunofluorescence microscopy after 24 h, using anti-V5 antibodies and Hoescht 33258 to visualize, respectively, E2F1 and DNA. The values in the histograms represent the percentage of total cells counted±s.e.m. (n ¼ 3). %N, percentage of cells with nuclear E2F1 distribution; %C, percentage of cells with exclusively cytoplasmic E2F1 distribution. The results shown are representative of at least three independent experiments. Scale bar: 15 mm. p38 regulation of E2F1 phosphorylation IA Ivanova et al them to respond to Ca 2 þ -induced differentiation, at least when E2F1 is overexpressed at the levels achieved in these experiments. Similar results were obtained in cells that expressed E2F1 comprising residues 126-437, which lack residues in the N terminus, but in which S403 and T433 are present (Figure 6c) . In stark contrast, 2 þ medium for 48 h prior to treatment with 10 mm bromodeoxyuridine (BrdU) for 3 h. The cells were processed for confocal microscopy with the indicated antibodies. The numbers in microns in each photomicrograph series indicate the Z-position of the images acquired. Z ¼ 0 mm represents the base of the cell just at the first point in which the nucleus is detected. DNA was visualized with Hoescht 33258. (c) Undifferentiated keratinocytes cultured in low Ca 2 þ medium were transfected with vectors encoding the indicated E2F1 proteins. After 8 h of transfection, the growth medium was replaced with high Ca 2 medium to induce differentiation. The cells were processed for confocal microscopy 30 h later using anti-involucrin and anti-V5 antibodies (to visualize exogenous E2F1 proteins). DNA was visualized with Hoescht 33258. For each E2F1 protein examined, images of the same microscopic field were acquired at two different Z-positions indicated in individual micrographs. Z ¼ 0 mm represents the base of the lowermost cell layer just at the first point in which the nuclei are detected. The results shown are representative of three independent experiments. Scale bar: 30 mm. E2F1 S403A immunofluorescence was confined to the nucleus of cells in the lower cell layer, and E2F1 S403A-expressing keratinocytes were consistently excluded from the involucrin-expressing population (Figure 6c) . Similar results were obtained in cells that expressed E2F1 T433A or S403A/T433A (Figure 6c) . Together, these observations are consistent with the concept that Ser403 and Thr433 are indispensable for proper E2F1 regulation and that, in the absence of E2F1 nuclear export and proteolysis, normal keratinocyte differentiation does not occur.
Discussion
Regulation of E2F1 activity is central to numerous aspects of epidermal homeostasis. For example, epidermal regeneration after injury requires induction of proliferation and migratory capacity in keratinocytes, which is severely impaired upon inactivation of the E2f1 gene . Similarly, loss of E2F1 expression results in altered responses to ultraviolet damage (Berton et al., 2005) . Reciprocally, chemically induced skin carcinogenesis is associated with increased E2F1 expression (Balasubramanian et al., 1999) , and overexpression of E2F1 in the epidermis of transgenic mice results in tumor formation (Pierce et al., 1998) .
E2F1 activity is regulated by transcriptional and posttranslational mechanisms. In this study, we demonstrate that crucial aspects of E2F1 regulation in differentiating keratinocytes are mediated through its physical interactions with p38 and modification of Ser403 and Thr433 by this MAP kinase. Indeed, our study has identified phosphorylation by p38 as a key component of a novel pathway for E2F1 regulation, which also includes nuclear export and degradation.
A number of kinases that phosphorylate E2F1 have been identified, resulting in varied effects on E2F1 activity. For example, E2F1 phosphorylation on Ser332 and Ser337 by cyclin D-containing complexes increases its stability and impairs its association with the retinoblastoma protein (pRB), allowing transcription of E2F1 target genes during G1 and S phases (Fagan et al., 1994) . In addition to p38, cdk7 and GSK-3b were shown to phosphorylate Ser403 and Thr433 in vitro, although these studies used an E2F1 fusion protein that contained exclusively amino acids 380-437, which correspond to the transactivation domain (Vandel and Kouzarides, 1999; Garcia-Alvarez et al., 2007) . Our studies are the first to provide evidence for the phosphorylation in vitro and in vivo of these two residues in the context of full-length E2F1.
Similar to the increased E2F1 proteolysis associated with p38 activity, we observed in differentiating keratinocytes modification of Ser403 and Thr433 in an E2F1 fragment containing residues 380-437 fused to Gal4 results in increased proteasomal degradation during S-phase (Vandel and Kouzarides, 1999) . Thus, phosphorylation of these residues provides a rapid and sensitive mode of E2F1 regulation through degradation in response to a variety of stimuli. The relative contribution of p38, GSK-3b and cdk7 to Ser403 and Thr433 phosphorylation appears to be context-and cell type-dependent. Specifically, p38 inhibition in primary keratinocytes changed substantially the patterns of phosphorylation of wild-type E2F1, but not the S403A/T433A mutant, suggesting that p38 is a major contributor to the modification of those residues. In contrast, cdk7 appears to have an important function in E2F1 phosphorylation in asynchronous, exponentially proliferating HeLa cells (Garcia-Alvarez et al., 2007) . We have also found that substitution by Ala of Ser403, Thr433 or both has no discernible effect on the ability of full-length E2F1 to activate a dihydrofolate reductase luciferase reporter ; and data not shown), indicating that increased nuclear export and turnover of E2F1 upon phosphorylation at Ser403 and Thr433, effectively resulting in removal of E2F1 from the cell, are most likely major mechanisms to readily reduce the transcription of E2F1 target promoters under certain circumstances.
In addition to entry into quiescence, differentiation of epidermal keratinocytes in vivo or in culture is characterized by expression of markers such as transglutaminase and involucrin (Fuchs, 1994; Eckert et al., 2004) . A further aspect of Ca 2 þ -induced differentiation in these cultures that we and others (Vaezi et al., 2002) have observed is their polarization, with formation of a stratified epithelial sheet containing a lowermost layer and two to three upper cell layers. We have now demonstrated for the first time that immature cells, which can still synthesize DNA, reside in the lower layer, whereas mature keratinocytes that express involucrin are exclusively found in the upper layers, in a manner reminiscent of the epidermis. It can be noted that and in contrast to wild-type E2F1, localization of the E2F1 mutants S403A, T433A or S403A/T433A was consistently nuclear. Furthermore, cells that expressed these mutant proteins were only found in the bottom, 'immature' layer, and their presence was never associated with the mature, involucrin-expressing cells in the upper layers. This is consistent with the concept that E2F1 phosphorylation by p38, together with its export from the nucleus and degradation, is essential for proper keratinocyte differentiation. In this regard, p38 also plays a positive regulatory role in muscle differentiation, through phosphorylation and modulation of the Mef2 transcription factor (Rampalli et al., 2007) , suggesting that p38 activity most likely plays a broad role in differentiation in a variety of tissues.
E2F1 is a phosphoprotein in undifferentiated keratinocytes and, significantly, inhibition of p38 results in substantial alterations in its phosphorylation status. Our studies have identified Ser403 and Thr433 as important residues for normal p38-dependent E2F1 phosphorylation in all keratinocytes. However, unlike its consequences in differentiated keratinocytes, substitution of those two amino acids by Ala does not have a major impact on E2F1 stability in undifferentiated cells. We have demonstrated earlier that E2F1 undergoes p38 regulation of E2F1 phosphorylation IA Ivanova et al continuous nucleocytoplasmic shuttling in undifferentiated keratinocytes and other cell types . In fact, although subcellular localization studies have demonstrated that E2F1 concentrates in the nucleus in these cells, such nuclear pools are highly mobile, trafficking into the cytoplasm . Significantly, this movement out of the nucleus requires Ser403 and Thr433, as evidenced by the constitutively nuclear localization and inability to undergo nucleocytoplasmic shuttling of the E2F1 mutants S403A, T433A and S403A/T433A  and data not shown). Furthermore, impairment of E2F1 nucleocytoplasmic shuttling in undifferentiated keratinocytes significantly increases apoptosis . Nuclear exclusion is an important mechanism to limit the effects of a number of transcription factors on gene expression, and changes in phosphorylation status can regulate their nuclear exit (Zhang et al., 2002) . We propose that p38-dependent phosphorylation of S403 and T433 regulates several aspects of E2F1 function in keratinocytes. Thus, in undifferentiated cells, it may serve as a mechanism to ensure timely cell responses to a variety of stimuli by regulating the balance between nuclear import and export. On the other hand, differentiation in keratinocytes triggers both Ser403-and Thr433-dependent nuclear exports, coupled with the activation of proteasomal pathways, which, acting in a co-ordinate fashion, leads to E2F1 degradation in the cytoplasm and normal differentiation. A critical area for future studies will be the identification of those differentiation-specific degradation mechanisms activated in keratinocytes.
Materials and methods

Cell culture and transfections
Primary mouse keratinocytes isolated from 1-to 2-day-old CD-1 mice were cultured in Ca 2 þ -free Eagle's minimum essential medium (EMEM) (06-174G, Lonza, Rockland, ME, USA) and supplements (low Ca 2 þ medium) as described earlier (D'Souza et al., 2001) . Keratinocytes were induced to differentiate by increasing the Ca 2 þ concentration in the growth medium to 1 mM (high Ca 2 þ medium). For immunoprecipitation experiments, keratinocytes were treated with TPA (100 nM final) for 3 h or with 1 mM Ca 2 þ for 18 h prior to harvesting. For E2F1 protein stability experiments, cycloheximide (CHX, 100 mg/ml final) was added 30 min prior to adjusting the concentration of Ca 2 þ to 1 mM, and cells were harvested 2 h later. Where indicated, SB203580 or SB202474 was used at 20 mM (final).
Immunoblotting, l-phosphatase treatments and immunoprecipitation experiments Proteins lysates were obtained and analysed as described earlier (Ivanova et al., 2006) . For phosphatase treatments, cell lysates were prepared in duplicate, one sample in buffer A (1% Triton X-100, 50 mM Tris-HCl, pH 7.6, 100 mM NaCl, 1 mM PMSF (phenylmethylsulfonyl fluoride), 2 mg/ml each aprotinin, leupeptin and pepstatin), and the other in buffer B (Buffer A supplemented with phosphatase inhibitors: 2 mM Na 3 VO 4 and 5 mM NaF). The lysates prepared in buffer A were subsequently incubated with l-phosphatase (4 U/mg of protein) for 30 min at 30 1C, as suggested by the manufacturer, and all samples were analysed by SDS-PAGE (polyacrylamide gel electrophoresis) and immunoblotting. For immunoprecipitation experiments, cells were harvested and lysed in Co-IP buffer (1% Triton X-100, 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 5 mM NaF, 2 mM Na 3 VO 4 , 1 mM PMSF, 2 mg/ml aprotinin, 2 mg/ml leupeptin and 2 mg/ml pepstatin) for 45 min at 4 1C. Cell debris in the lysates were removed by centrifugation and 1-2 mg protein were precleared with 10 ml protein A/G azlactone beads (53132; Pierce Chemical, Rockford, IL, USA) for 2 h at 4 1C. Pre-cleared lysates were incubated with antibodies indicated in individual experiments (4 h, 4 1C). Immune complexes were isolated with protein A/G azlactone beads (30 min, 4 1C), resolved by denaturing gel electrophoresis (SDS-PAGE) and analysed by immunoblot.
Immunofluorescence and confocal microscopy
Immunofluorescence microscopy studies were performed as described . Photomicrographs are representative of at least three experiments on triplicate samples, and were obtained with a Leica DMIRBE fluorescence microscope, equipped with an Orca II digital camera (Hamamatsu Photonics, Hamamatsu City, Japan), using Openlab 3.6 software (Improvision, Coventry, UK). Confocal analysis was conducted with a Plan-Apochromat Â 63/1/4 Oil DIC objective mounted on a Zeiss 510 META Laser Scanning Microscope. Fluorophore excitation was achieved using Argon2 (488 nm) and HeNe (543 nm) laser units. Images of Hoescht 33258-stained DNA were captured with a Chameleon laser tuned to 730 nm (Figure 6b The reagents used and kinase assay protocols are described in Supplementary Information.
